Binding specificity and in vivo targets
of the EH domain, a novel
protein—protein interaction module

Anna Elisabetta Salcini,* Stefano Confalonieri,> Margherita Doria,* Elisa Santolini,* Elena Tassi,*

Olga Minenkova,? Gianni Cesareni,? Pier Giuseppe Pelicci,*® and Pier Paolo Di Fiore

1,4,5

1Department of Experimental Oncology, European Institute of Oncology, Milan 20140, Italy; ?Dipartimento di Biologia,
University of Rome “Tor Vergata,” Rome 00100, Italy; Istituto di Patologia Speciale Medica, University of Parma, Parma
43100, Italy; “Instituto di Microbiologia, University of Bari, Bari 70100, Italy

EH is a recently identified protein—protein interaction domain found in the signal transducers Eps15 and
Eps15R and several other proteins of yeast nematode. We show that EH domains from Eps15 and Eps15R bind
in vitro to peptides containing an asparagine-proline-phenylalanine (NPF) motif. Direct screening of
expression libraries with EH domains yielded a number of putative EH interactors, all of which possessed NPF
motifs that were shown to be responsible for the interaction. Among these interactors were the human
homolog of NUMB, a developmentally reguated gene of Drosophila, and RAB, the cellular cofactor of the HIV
REV protein. We demonstrated coimmunoprecipitation of Eps15 with NUMB and RAB. Finally, in vitro
binding of NPF-containing peptides to cellular proteins and EST database screening established the existence
of a family of EH-containing proteins in mammals. Based on the characteristics of EH-containing and
EH-binding proteins, we propose that EH domains are involved in processes connected with the transport and

sorting of molecules within the cell.
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Many cellular functions, including proliferation, differ-
entiation, cytoskeleton organization, and apoptosis, are
regulated through a complex intracellular network of
signal transducers. Specialized protein domains, such as
SH2, SH3, PTB, or WW, mediate this vast array of inter-
actions by binding to specific sequences located in target
proteins (for review, see Musacchio et al. 1994; Cohen et
al. 1995; van der Geer and Pawson 1995 and references
therein). Within individual groups, binding domains
have diverged to recognize specific consensus sequences
in which some positions are obligatory occupied by
given amino acids and other can vary. For example the
SH2 and PTB domains both recognize phosphotyrosine-
containing motifs (Songyang et al. 1993, 1994, Blaikie et
al. 1994; Kavanaugh and Williams 1994; Zhou et al.
1995). Specificity appears to be determined by variations
in amino acids distal or proximal to the phosphotyrosine
residue for SH2 and PTB domains, respectively (for re-
view, see Cohen et al. 1995; van der Geer and Pawson
1995). SH3 domains, on the other hand, interact with
proline-rich peptides in target proteins (Cichetti et al.
1992; Gout et al. 1993; Ren et al. 1993; Yu et al. 1994).
Screening of biased random libraries allowed the identi-
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fication of two classes of SH3 ligands, conforming to the
general structure RXLPPZP (class 1) and XPPLPXR (class
2), whereas X is any amino acid other than C and Z is
either L or R (Feng et al. 1994; Schlessinger 1994).

SH2 and SH3 domains contribute to the propagation of
signals by affecting the subcellular localization of the
domain-containing proteins or their targets, or by recru-
ting these proteins to specific enzymes (for review, see
Cohen et al. 1995). Recent evidence, however, suggests
that these domains might not serve solely as passive
binding interfaces. In the case of SH3s, in particular, it
has been shown that binding to the dynamin GTPase and
to phosphatidylinositol-3’ kinase (PI-3K) activates these
enzymes in vitro (Gout et al. 1993; Herskovits et al.
1993; Pleiman et al. 1994).

Finally, a phylogenetic hierarchy of interactions might
also exist, as witnessed by the presence of some binding
domains, such as SH3 and WW in lower eukaryotes like
yeast, and the appearance of others, such as SH2 and
PTB, concomitantly with the emergence of tyrosine Ki-
nase—-mediated signaling in multicellular eukaryotes (for
review, see Cohen et al. 1995).

We have recently described a novel protein—protein in-
teraction domain, called EH (for Eps15 homology), pres-
ent in three copies in the amino terminus of the tyrosine
kinase substrates Epsl5 and Epsl5R and shared with

GENES & DEVELOPMENT 11:2239-2249 © 1997 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/97 $5.00 2239



Salcini et al.

other proteins of yeast and nematode (Wong et al. 1995).
Except for its protein-binding ability, no other clues to
the function(s) of the EH domain are available, as EH-
containing proteins appear to serve different roles in cel-
lular homeostasis. One EH-containing protein, End3p, is
involved in the internalization of the yeast a-mating fac-
tor (Benedetti et al. 1994); another, Panlp, is required for
normal organization of the actin cytoskeleton in yeast
(Tang and Cai 1996). Other EH-containing proteins still
have unknown functions. However, mutagenesis studies
in END3 suggested that the presence of its EH domain is
necessary for function (Benedetti et al. 1994). Under-
standing of the fuctions of EH will ultimately rely on the
identification of its binding specificity and of the intra-
cellular targets recruited in a hypothetical EH-based net-
work. Studies described in this paper were undertaken to
shed light on these issues.

Results

EH domains from Eps15 and Eps15R bind
to NPF-containing peptides

In their amino termini, Epsl5 and Eps15R contain three
copies of a novel protein—protein interaction domain,

A

which we named EH (Fig. 1A). To understand the binding
specificity of EH domains, we engineered glutathione S-
transferase (GST) fusion proteins containing the three EH
domains of Eps15 (GST-EH) or Eps15R (GST-EHR). These
fusion proteins were employed to screen a random phage-
displayed peptide library, and the selected phages were se-
guenced in the region corresponding to the random inserts.
In Figure 1B, the conceptually translated peptides are dis-
played. Of 48 selected peptides, 46 contained the motif
NPF (asparagine—proline—phenylalanine). Two additional
phages containing either NHF (asparagine-histidine—phe-
nylalanine) or HPF (histidine-proline-phenylalanine) were
also selected by GST-EHR (Fig. 1B). Position +1 (with re-
spect to NPF) exhibited a strong preference for basic and
basic/hydrophobic residues in peptides selected by GST-
EHR and GST-EH, respectively. Of note, negatively
charged residues were never present in this position. Posi-
tions -1 and -2 displayed a weaker preference for serine or
threonine (Fig. 1B).

Cellular proteins binding to EH in vitro invariably
contain NPF motifs

We have shown previously that the GST-EH fusion pro-

Epsls

Figure 1. EH-mediated binding to peptides and
proteins in vitro and in vivo. (A) Schematic of
the Epsl5 and Epsl5R proteins with their EH
domains. Amino acids positions are indicated.
(B) Predicted amino acid sequence of peptides
selected by screening of a random phage-dis-
played peptide library with GST-EH and GST-
EHR, from Epsl5 and Epsl5R, respectively.
NPFs are in boldface type. (C) NPF-containing
motifs present in the cDNAs identified by
screening of a human fibroblast expression li-
brary using GST-EH as a probe. Underlined pep-
tides were used for the in vitro binding experi-
ments described in Figs. 4, 6, and 8.
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tein is able to specifically bind to a number of cellular
proteins, in Far Western assays (Wong et al. 1995). To
clone the cDNAs encoding these proteins, we employed
the GST-EH fusion protein to screen a prokaryotic ex-
pression library from M426 human fibroblasts. We iden-
tified several positive plaques that specifically reacted
with GST-EH but not with control GST. By cross-hy-
bridization experiments, the positive phages could be as-
signed to seven groups, corresponding to distinct cDNAs
(not shown).

Nucleotide sequence of the longest phage inserts of
these cDNAs revealed that they represented partial
cDNAs of the human homolog of NUMB, a developmen-
tally regulated gene of Drosophila (Uemura et al. 1989);
a NUMB-related gene, which we named NUMB-R; RAB,
coding the cellular cofactor of the HIV REV protein (Bo-
gerd et al. 1995; Fritz et al. 1995); and a RAB-related
gene, which we named RAB-R (see next section). We also
identified three novel genes that we named ehb3, ehb10,
and ehb21 (for EH binding, followed by the original
plaque identifier; data not shown).

There were no homologies among the seven partial
cDNAs (apart from those between NUMB and NUMB-R,
and RAB, and RAB-R, respectively), except for the pres-
ence of NPF motifs, which frequently are present in mul-
tiple copies (Fig. 1C). Alignment of all NPF-containing
stretches revealed preference for hydrophobic residues at
position +1 (relative to NPF) and for S/T at positions -1
and -2 (Fig. 1C).

Cloning of cDNAs containing entire ORFs for human
NUMB, NUMB-R, RAB, and RAB-R and
characterization of their predicted products

The cDNAs obtained from the screening of the prokary-
otic expression library represented partial cDNAs that
did not contain entire open reading frames (ORFs) (data
not shown). We therefore screened a human fibroblast
cDNA library to obtain the entire ORFs of human RAB,
RAV-R, NUMB, and NUMB-R. Several cDNAs were iso-
lated, and the longest ones, representative of each gene,
were sequenced. A schematic of the cDNAs containing
the entire ORFs of human NUMB and NUMB-R and of
human RAB and RAB R is presented in Figures 2A and
3A, respectively, and details are given in the figure leg-
ends. The sequence of human RAB corresponded to that
already reported by Bogerd et al. (1995) and Fritz et al.
(1995). Conceptual translation of the cDNAs allowed for
comparison of human NUMB and NUMB-R (Fig. 2B) and
RAB and RAB-R (Fig. 3B).

The ORFs of human NUMB and NUMB-R have the
capacity of encoding peptides of 603 and 609 amino ac-
ids, respectively, with a predicted molecular mass of 66
and 65 kD. The two predicted proteins display an overall
relatedness of 74% with 57% identity (Fig. 2B). As al-
ready reported for murine and Drosophila (Verdi et al.
1996; Zhong et al. 1996), both human NUMB and
NUMB-R contained a phosphotyrosine interaction do-
main (PID/PTB; van der Geer and Pawson 1995) in their
amino terminus (Fig. 2B), and putative SH3-binding sites

EH binding specificity
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Figure 2. Human NUMB and NUMB-R cDNAs and proteins.
(A) The structures of the human NUMB (hNUMB) and
NUMB-R (hNUMB-R) cDNAs are depicted. The ORFs are la-
beled. Positions are indicated in kb. The nucleotide positions of
initiator and terminator codons are also indicated. Canonical
polyadenylation sites (AATAAA) are at positions 2649, 2823,
2958, and 3025, for hNUMB and hNUMB-R, respectively (not
shown). (B) Predicted protein sequences and alignment of hu-
man NUMB and NUMB-R. In the hNUMB-R sequence, only
nonidentical amino acids are reported, except for the NPF mo-
tifs. Dashes indicate gaps introduced to maximize the align-
ment. Accepted conservations, employed to calculate related-
ness,are D,E, N, Q;L,I,V,M;K,R,H;F,Y,W;and A, G, P, S,
T. The PTB domains and the NPF motifs are indicated in reverse
print.

in their carboxyl terminus. In addition, they both con-
tained a single NPF motif, located a few amino acids
before the end of the proteins (Fig. 2B).

The ORFs of human RAB and RAB-R have the capac-
ity of encoding peptides of 562 and 481 amino acids,
respectively, with a predicted molecular mass of 58 and
49 kD. The two predicted proteins display an overall
relatedness of 71% with 46% identity (Fig. 3B). Con-
served features between RAB and RAB-R include a zinc
finger region, in the amino terminus of the proteins, and
several FG (phenylalanine—glycine) motifs, characteristic
of nucleoporin-like proteins (Bogerd et al. 1995, Fritz et
al. 1995). In addition, they both contained four NPF mo-
tifs, located in the carboxy-terminal half of the molecule
(Fig. 3B). It has not been established whether all of the
NPF motifs are endowed with EH-binding ability, and if
so, whether they bind to different EH-containing pro-
teins.
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Figure 3. Human RAB and RAB-R cDNAs and proteins. (A)
The structures of the human RAB (hRAB) and RAB-R (hRAB-R)
cDNAs are depicted. The ORFs are labeled. Positions are indi-
cated in kb. The nucleotide positions of initatior and terminator
codons are also indicated. Canonical polyadenylation sites
(AATAAA) are at positions 2499, 2542, and 2556 of the RAB
sequence; no polyadenylation site was found in the isolated
hRAB-R cDNA (not shown). (B) Predicted protein sequences
and alignment of human RAB and RAB-R. The sequence of
hRAB is identical to that reported by Bogerd et al. (1995) and
Fritz et al. (1995). In the hRAB-R sequence, only nonidentical
amino acids are reported, except for the FG and NPF motifs.
Dashes indicate gaps introduced to maximize the alignment.
Accepted conservation, employed to calculate relatedness, are
D,EN,Q; L, I,V,M;K,R,H;F,Y,W;and A, G, P, S, T. The
FG, zinc-finger, and NPF motifs are indicated in reverse print.

Binding of various cellular proteins to EH domains
in vitro and in vivo

To characterize the binding of the EH interactors to
Eps15, we engineered GST fusion proteins encompassing
fragments derived from the seven identified EH-binding
proteins. In all cases, the original partial cDNAs were
used (see Materials and Methods), as they should contain
all of the determinants necessary and sufficient for EH
binding. As shown in Figure 4A, all of the GST fusion
proteins were able to specifically recover native Epsl15
from cell lysates in vitro binding experiments.

To address the issue of whether the NPF-containing
peptides, present in the EH-binding proteins, were actu-
ally responsible for binding to Eps15, we engineered GST
fusion proteins encompassing short NPF-containing pep-
tides from the proteins of interest. The peptides engi-
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neered as GST fusions are underlined in Figure 1C. Also
in this case (Fig. 4B), we evidenced specific binding of the
GST peptide fusions to native Epsl15 from total cellular
lysates. Although the participation of other regions of
the EH-interacting proteins to the binding cannot be ex-
cluded, the sum of the above results indicates that NPF-
containing peptides are sufficient for binding to Eps15.

We then tested whether Eps15 can physically interact
with some of the EH-binding proteins in vivo. To this
end, we utilized the GST-NUMB and GST-RAB fusion
proteins, described in Figure 4A, as immunogens to gen-
erate polyconal sera. The anti-RAB and anti-NUMB sera
recognized specifically proteins of (60 kD and a doublet
of 070-72 kD, respectively, in several human and mouse
cell lines (data not shown). The two sera were then used
to coimmunoprecipitate Eps15 from lysates of NIH-3T3
cells (Fig. 5A) or of U20S cells (not shown). As shown in
Figure 5A, Eps15 was recovered in immunoprecipitates
obtained with anti-NUMB or anti-RAB sera but not with
control sera.

The amount of Epsl5 coimmunoprecipitated by
NUMB was higher than that coimmunoprecipitated by
RAB. Although this might be attributable to a lower af-
finity of the RAB/Eps15 interaction, we favor the possi-
bility that it simply reflects less efficient immunopre-
cipitation of RAB by the anti-RAB antibody. In another
set of experiments, we engineered eukaryotic expression
vectors encoding for either NUMB or RAB fused to a
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Figure 4. In vitro binding of NPF-containing proteins and pep-
tides to Epsl15. (A) In vitro binding of Eps15 to Gst fusions of
EH-binding proteins. Total cellular lysates from NIH-3T3 cells
(1 mg/lane) were incubated with the indicated GST fusion pro-
teins (10 pg) for 1 hr at 4°C. Specifically bound Eps15 was de-
tected by immunoblot with an anti-Eps15 antibody. (B) Binding
of Epsl5 to GST fusions encompassing NPF-containing pep-
tides. GST fusion proteins were engineered to encompass the
NPF-containing peptides underlined in Fig. 1C and are indicated
with the names of the proteins from which the peptides were
derived. In vitro binding experiments were performed as de-
scribed in A. Lanes marked LYS in A and B were loaded with 50
ug of total cellular proteins to serve as a reference for the posi-
tion of Eps15. The position of Eps15 is also indicated.
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Figure 5. In vivo binding of NPF-contain-
ing proteins to Epsl5. (A) Coimmunopre-
cipitation of Eps15 with endogenously ex-
pressed NUMB and RAB. Total cellular
proteins from NIH-3T3 cells were ob-
tained under mild lysis conditions to pre-
serve protein—protein interactions, and 5
mg of protein was immunoprecipitated
with an anti-RAB (Ip RAB), an anti-NUMB
(Ip NUMB), or a control serum (C). After
SDS-PAGE, coimmunoprecipitating Eps15
was detected by immunoblot with an anti-
Eps15 antibody. (B) Epsl5 coimmunopre-

WE amti-HA cipitation with HA-tagged RAB and
NUMB proteins. (Top) C33A cells were
transfected with expression vectors engi-
neered to express HA-tagged RAB or

Ip anti-HA NUMB proteins (HA-RAB or HA-NUMB

WE anti-Epsl$

lanes, respectively) or mock transfected (-
lanes). Total cellular lysates (100 pg) were
immunoblotted with an anti-HA antibody.
(Bottom) Five milligrams of total cellular
proteins from HA-RAB or HA-NUMB
transfectants (HA-RAB Tfx and HA-
NUMB TfX, respectively) obtained as in A
were immunoprecipitated with the anti-
HA antibody (HA lanes) or with a control
serum (C lanes) and detected by immuno-
blot with an anti-eps15 antibody. (C) Eps15
coimmunoprecipitation with HA-tagged
NUMB and NUMB mutant. C33A cells

were transfected with expression vectors encoding HA-tagged NUMB or an HA-tagged NUMB mutant in which the NPF motif was
mutagenized to NAA (lanes HA-NUMB and HA-NUMB/NAA, respectively), or mock transfected (- lane). (Top) Total cellular lysates
(100 pg) were immunoblotted with an anti-HA antibody; (middle) 5 mg of total cellular proteins obtained as in A was immunopre-
cipitated with an anti-HA antibody and detected by immunoblot with an anti-Eps15 serum; (bottom) total cellular lysates (100 pg)
were immunoblotted with an anti-Eps15 antibody. Lanes marked LYS in A-C were loaded with 50 pg of total cellular proteins to serve
as a reference for the position of Eps15. The positions of Eps15, NUMB, and RAB are also indicated.

hemagglutinin (HA) epitope, at their amino termini.
C33A cells were then transiently transfected with vec-
tors coding HA-NUMB or HA-RAB. As shown in Figure
5B (top) HA-NUMB and HA-RAB were expressed at
similar levels. Under these conditions, Eps15 was readily
and comparably recoverable by immunoprecipitation
with an anti-HA antibody but not by control antibodies,
in both HA-NUMB or HA-RAB transfectants (Fig. 5B,
bottom). The sum of the above results strongly argues
that Eps15 can interact with NUMB and RAB in vivo.
To prove that the in vivo interaction of Eps15 with a
representative EH-binding protein protein was attribut-
able to a NPF-mediated interaction, we engineered a HA-
tagged mutant of NUMB (HA-NUMB/NAA) in which
its unique NPF motif was mutageneized to NAA (aspara-
gine-alanine-alanine). Upon transfection in C33A cells,
both the HA-NUMB/NAA and the wild-type HA-
NUMB mutants were expressed at compatable levels
(Fig. 5C, top). In HA-NUMB/NAA transfectants, how-
ever, little if any Eps15 was visible in anti-HA immuno-
precipitates, whereas it was readily detectable in similar
immunoprecipitates obtained from wild-type HA-
NUMB transfectants (Fig. 5C, middle). These differences
were not attributable to the levels of expression of en-

dogenous Eps15, which appeared comparable in all trans-
fectants (Fig. 5C, bottom). Thus, the in vivo binding of
Eps15 to NUMB is most likely mediated by an EH-NPF
interaction.

Characterization of the NPF-EH interaction

To assess the relevance of the NPF motif and of the sur-
rounding positions for binding to EH, we selected the
peptide SSSTNPFL, which is present in RAB and
strongly binds to Eps15 and mutated individual amino
acid positions in a GST fusion protein background. The
various GST fusion proteins depicted in Figure 6 (left
panels) were then tested for their ability to recover na-
tive Epsl5 from cellular lysates in in vitro binding as-
says.

Mutations in the NPF motif to NGF, DPF, and NPY
abolish binding completely (Fig. 6A, right). We then per-
formed alanine scanning of the positions surrounding
the NPF motif. This unconvered a hierarchy of contri-
bution to binding, as A(-1), A(-2), and A(+1) mutants,
containing mutations to alanine at positions -1, -2, and
+2 respective to the NPF motif, displayed binding re-
duced by 95%, 60%, and 55%, respectively (Fig. 6B,
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Figure 6. Requirement for the NPF motif A
and surrounding positions for binding to
Eps15. (A) Binding to Eps15 of mutant pep-
tides containing mutations in the NPF se-
guence. Peptides engineered in GST fusion
proteins are indicated on the left. GST-
NPF corresponds to the sequence of a
NPF-containing peptide derived from the
sequence of RAB (underlined in Fig. 1C).
Mutant peptides (GST-NGF, GST-DPF,
GST-NPY) are also indicated. The in vitro
bindings to Eps15, obtained as described in
Fig. 4, are shown on the right. The lane
marked RAB represents an in vitro binding
obtained with the GST-RAB protein (Fig.
4A) to serve as a positive control. (B) Ala-
nine scanning. Positions surrounding the
NPF motif in the RAB peptide were ala-
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nine scanned as indicated on the left. The in vitro binding to Eps15, obtained as described in Fig. 4, are shown on the right. Lanes
marked LYS were loaded with 50 pg of total cellular proteins to serve as a reference for the position of Eps15 (also indicated). Amino
acids corresponding to mutagenized codons are shown in boldface type.

right). Mutations of residues -3 and -4 to alanine did not
appreciably affect binding (Fig. 6B, right). Finally a GST
peptide bearing five simultaneous mutations to alanine
(A5 mutant), leaving the NPF motif intact, displayed
little if any detectable binding (Fig. 6B, right). These re-
sults indicate that an intact NPF is necessary but not
sufficient for binding and that optimal binding is condi-
tioned by the presence of certain amino acids in the sur-
rounding positions. Whether this is attributable to im-
pact on conformation of directly on binding remains to
be established.

A single EH is necessary and sufficient for interaction
with an EH-binding protein

Many EH-containing proteins display repeated copies of
the binding module (Wong et al. 1995); this observation
raises the question as to whether a single EH is endowed
with binding ability or whether multiple copies are re-
quired. Our screenings of phage-displayed and bacterial
expression libraries were performed with GST fusion
proteins containing the three EH domains of Eps15 and
Eps15R, to maximize the chance of detecting protein-
protein interactions. To design a strategy to engineer
GST fusions containing single EH domains, we had to
take into account the fact that the EH domains of Eps15
are contiguous. Thus, definition of the exact boundaries
and of the structural consequences of extrapolating se-
guences from their natural context was difficult to pre-
dict.

We thought, therefore, to take advantage of secondary
structure predictions of the amino terminus of Eps15. As
shown in Figure 7A, a Chous-Fasman-Rose algorithm
predicted that the three EH domains of Eps15 are flanked
by regions with high propensity for turns, possibly un-
derlying the requirement for domain exposure, to
achieve binding. Thus, we engineered a GST fusion pro-
tein containing residues 106-216 of Epsl5, which en-
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compass the second EH flanked by the predicted amino
and carboxy-terminal turn (M2 protein, Fig. 7B). This
protein displayed strong binding to RAB, obtained by in
vitro transcription/translation (Fig. 7C). In addition,
binding of GST-M2 to RAB was quantitative and of com-
parable intensity to that obtained with GST-EH (Fig.
7C), thus establishing that an individual EH domain is
endowed with binding ability.

A family of EH-containing proteins in mammals

Eps15 and Eps15R are the only EH-containing proteins
known in mammals. The identification of peptide se-
guences that bind to EH allowed for the identification of
putative EH-containing proteins in mammalian cells.
GST fusion proteins, encompassing NPF-containing pep-
tides from NUMB, RAB, and RAB-R were challenged
with 5S-labeled lysates from NIH-3T3 cells, and several
cellular proteins were specifically recovered (Fig. 8A). In
the case of the RAB peptide, mutations of NPF to DPF,
NGF, or NPY totally abolished recognition, arguing
strongly that the identified proteins represent EH-con-
taining species (Fig. 8A). In addition, individual NPF-
containing peptides were able to bind to both common
and different proteins, thus indicating a certain degree of
specificity for EH-mediated interactions.

The existence of a family of EH-containing protein in
mammals was confirmed by screening the Expressed Se-
quence Tags Database (dbEST) with the EH domains of
Eps15 and Eps15R. Four novel mammalian sequences,
two from Homo sapiens and two from Mus musculus,
were identified that contained EH domains (Fig. 8B).

Discussion

Data presented in this study establish the existence of an
expanding family of EH-containing proteins and of a net-
work of EH-mediated interactions. Furthermore, they



214 200 130 1E0 17a

FE L | e R

150

EH binding specificity

&0

150 144 130 130 110

| e 11818 8 SO e |

. Z30 24D 230 26D 2T 2E0 230 oa 10
] ] 1 [ 1 | 1 i 1 ]
II'—IIlIIIIIIIlﬂIIIIHI——I—HHI—g
ZEII} E;—IE;'J
1 50 100 150 200 250 300 350 E = =z =z
1 1 1 ]
EH (23300 [ EHL | | EHZ | | EH3 |
RAE - —
M2 (106-216} E &

=

Figure 7. Mapping of the minimal region of eps15 required for binding to NPF-containing proteins. (A) Secondary structure prediction
of the amino-terminal region of Eps15 (containing the three EH domains) by a Chou-Fasman-Rose algorithm. (Vertical lines) a-He-
lices; (thick shaded bars) B-sheets; (thinner solid bars) coils; (small solid boxes) turn. Amino acid positions are also indicated. (B)
Schematic representation of the Epsl5 amino-terminal domain and of the GST fusion proteins engineered, with predicted turns
indicated by solid boxes. The indicated fragments of Eps15 were engineered into GST fusion proteins and used for in vitro binding
experiments. The EH construct contains all three EH domains. The M2 construct contains the region encompassing the second EH
domain flanked by the natural regions pedicting the turns shown in A. Amino acid positions are also indicated in parentheses. (C) In
vitro bindings. The GST fusions shown in B were used to bind the 3°S-labeled RAB protein, obtained by in vitro transcription/
translation of the RAB cDNA. Detection was by autoradiography. The lane marked T/T was loaded with the primary product of the
in vitro transcription/translation to serve as a reference. The positions of RAB are also indicated.

define the molecular basis of EH-mediated interactions
of two members of this family, Eps15 and Eps15R, and
their binding to NPF-containing peptides. We do not
know whether other EH domains will display similar
binding preferences. By analogy to other binding mod-
ules, it is conceivable that critical binding residues will
be invariant or conserved. However, a certain degree of
variation is expected, as EH domains are only [(40% ho-
mologous. SH3 domains, by analogy, are 30% homolo-
gous, and their binding preferences vary (Sparks et al.
1996).

With regard to Eps15, several proteins are known to
date that interact with it, including Crk, through its SH3
domain (Schumacher et al. 1995), the coated-pits adapter
AP-2 (Benmerah et al. 1995, 1996; lannolo et al. 1997),
and the EH-binding proteins described in this paper.
Thus, Eps15 is a multibinding protein that might func-
tion in the assembling of macromolecular complexes.
We do not know whether all of the Eps15 targets interact
simultaneously with it or whether a hierarchy of inter-
action exists in vivo.

A wealth of evidence now supports the notion that EH
domains are involved in receptor-mediated internaliza-
tion. The first indication derived from the identification
of EH domains in End3p, a yeast protein essential for
internalization of the a-mating factor and of its receptor

Ste2p (Burkholder and Hartwell 1985; Nakayama et al.
1985; Benedetti et al. 1994; Wong et al. 1995). Another
EH-containing yeast protein, Panlp, also appears to regu-
late endocytosis (Wendland et al. 1996). Implication of
epsl5 in this pathway derived from the discovery of its
constitutive association with the clathrin adaptor pro-
tein complex AP-2 (Benmerah et al. 1995). The related
Eps15R protein is also associated in vivo to AP-2 (lan-
nolo et al. 1997; A. Salcini, P.G. Pelicci, and P. diFiore,
unpubl.). Further characterization revealed that the car-
boxyl termini of Eps15 and Eps15R and the a-subunit of
AP-2 are involved in the interaction (Benmerah et al.
1996; lannolo et al. 1997). In addition, immunomorpho-
logical analysis demostrated colocalization of Eps15 and
Eps15R with markers of the plasma membrane clathrin-
coated pits and vesicles (Tebar et al. 1996; A. Salcini,
P.G. Pelicci, and P. diFiore, unpubl.).

Our present results might provide a molecular basis
for the understanding of the protein-protein interactions
involved in receptor-mediated internalization, especially
if viewed in the light of recent findings by Tan et al.
(1996). This group demonstrated that the sequence
NPFXD constitutes an internalization signal in Saccha-
romyces cerevisiae. In particular, they showed that NPF-
based sequences in a Ste2p/Kex2p chimera and in Ste3p,
the receptor for the a-mating factor (Nakayama et al.
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Figure 8. Identification of a family of EH-containing proteins in
mammals. (A) %°S-Labeled lysates from NIH-3T3 (50 x 10° TCA-
precipitable counts) were incubated with the indicated GST fusion
proteins displaying NPF-containing peptides (NPF-RAB, NPF-
RAB-R, and NPF-NUMB, underlined in Fig. 1C), mutant peptides
(NGR-RAB, DPF-RAB, and NPY-RAB, shown in Fig. 6A), or with
GST. The first two lanes represent the same lysate immunopre-
cipitated with anti-eps15 antibody (EPS15) or with a control serum
(PRE). Specifically bound proteins were fractionated by SDS-PAGE
and visualized by autoradiography. The position of Eps15 is indi-
cated. Molecular mass markers are indicated in kD. (B) Identifica-

tion of four novel EH-containing mammalian sequences. The EST db was screened with the TBLASTN algorithm, using the three EH
domains of Eps15 as a query. Only sequences displaying a P > 107> were considered for further analysis, and they are indicated with
their database accession numbers. The alignment of these sequences to the second EH domain of Epsl15 is shown, as obtained by a
CLUSTALA4 algorithm modified by visual inspection. The W40735-W7520 sequence derives from a merging of two shorter EST

sequences of the same gene.

1985), are essential for endocytosis (Tan et al. 1996).
Thus, the possibility that receptor-mediated endocytosis
is regulated by EH-NPF interactions appears to be more
than just a hypothesis.

The identification of an EH-mediated network of in-
teractions sheds additional light on the function of the
EH domain, in that EH-containing and EH-binding pro-
teins are involved in more functions than internaliza-
tion. Panlp, for instance, is required in yeast to maintain
proper organization of the actin cytoskeleton (Tang and
Cai 1996). NUMB, identified in this study as an EH-
binding protein, is involved in cell fate determination
through asymmetrical distribution as mitosis (Uemura
et al. 1989; Rhyu et al. 1994; Spana et al. 1995), a func-
tion that requires precise sorting within the dividing
cell. Thus, the EH-based network appears to be involved
in processes connected with sorting and organization of
molecules within the cell.

This contention is further strengthened by the identi-
fication of additional candidate EH-binding proteins. We
searched databases for proteins containing multiple
NPFs, as a characteristic of many of the EH-binding pro-
teins identified in this study is the presence of multiple
NPF-containing binding motifs, a feature that mirrors
the frequent presence of EH domains in multiple copies.
This search yielded proteins such as synaptojanin (three
NPFs), which participates in synaptic vesicle recycling
(McPherson et al.1996); SCAMP 37 (three NPFs), which
is part of a family of molecules that are components of
membranes functioning in cell surface recycling (Brand
and Castle 1993); and the Drosophila Dorsal protein
(three NPFs), which establishes a nuclear vemtral-to-dor-
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sal gradient that is altered or absent in dorsalized or ven-
tralized embryos, thus probably determining cell fate
along the dorsal-ventral axis (Steward 1987). Other pro-
teins containing multiple NPFs include the Drosophila
Suppressor of sable protein (Voelker et al. 1991), the
mammalian mitogen-responsive proteins p97, p93, and
p67 (Xu et al. 1995), and the Stn-b protein of the Dro-
sophila Stoned locus (GenBank accession no. U54982).
Although the EH-binding properties of these proteins
will have to be validated experimentally, the hypothesis
that the EH network is implicated in processes con-
nected with transport, protein sorting, and organization
of subcellular structures clearly appears worthy of fur-
ther investigation.

Binding of Epsl5 to NPF-containing targets did not
appear to require tyrosine phosphorylation of the former,
in that it was readily observed in in vitro bindings per-
formed on serum-starved cell lysates, in which Eps15 is
not phosphorylated. In addition, stoichiometry of bind-
ing was not improved under conditions in which a siz-
able fraction of Epsl5 was tyrosine phosphorylated, as
achieved in lysates from epidermal growth factor (EGF)-
stimulated cells (data not shown). None of the Epsl15-
binding abilities known so far, including binding to Crk
and AP-2, appears to be phosphotyrosine-dependent
(Benmerah et al. 1995, 1996; Schumacher et al. 1995;
lannolo et al. 1997). This raises the question of how the
functional coupling of Eps15 to receptor tyrosine kKinase
(RTK)-activated pathways (Fazioli et al 1993; Wong et al.
1994) influences its downstream function(s), with par-
ticular regard to its EH-mediated interactions. One at-
tractive possibility is that a constitutive Epsl5/target



complex, such as Eps15/NUMB or Eps15/RAB, can be
directed to a proper subcellular location by tyrosine
phosphorylation. In this framework, tyrosine phosphory-
lation would act as a molecular switch through which
RTKs can condition the targeting of components of the
EH network to their active site within the cell.

Materials and methods
Screening of phage-display libraries

The peptide library utilized and the panning conditions were
essentially as described by Felici et al. (1991), the main differ-
ence being that the target EH domains (3 pg) were immobilized
by binding to 20 ul of GST-Sepharose matrix (Pharmacia). The
peptide library was screened with either the GST-EH or the
GST-EHR fusion protein, designed to encompass amino acid
positions 2-330 and 15-368 of mouse Eps15 and Eps15R, respec-
tively. Two panning cycles were carried out for each domain
before the sequencing of the clones, which were enriched during
the selection procedure.

Isolation of cDNAs encoding EH-binding proteins

A GST fusion protein containing the three EH domains of Eps15
(GST-EH; Wong et al. 1995) was used to screen a pCEV-LAC-
based prokaryotic expression library (a kind gift of T. Miki, Na-
tional Institutes of Health, Bethesda, MD) from M426 human
fibroblasts. Recombinant plaques (5 x 10°) were screened, after
induction with IPTG, using a modification for the Far Western
assay developed to identify proteins interacting with GST fu-
sions (Matoskova et al. 1996a,b). Briefly, filters were blocked in
2% bovine serum albumin (BSA) in TTBS (20 mm Tris-HCI at
pH 7.5, 150 mm NacCl, 0.05% Tween 20) for at least 2 hr at room
temperature and then in reduced glutathione (Sigma, 3 pm) in
TTBS with 0.5% (wt/vol) BSA for 1 hr at room temperature.
This latter step substantially reduced background (not shown).
Blots were then incubated with GST-EH (10 nm) in TTBS in the
presence of reduced glutathione (3 um) and BSA (0.5% wt/vol)
for 1 hr at room temperature. After extensive washing in TTBS,
blots were detected with an affinity-purified anti-GST antibody,
as described (Matoskova et al. 1996a,b).

Positive phages that specifically reacted with GST-EH but
not with control GST were subjected to cross-hybridization ex-
periments and assigned to seven groups, corresponding to dis-
tinct cDNAs (not shown). For each group, phages containing the
longest inserts were sequenced by the dideoxy-termination
method on both strands of the cDNAs, using a commercial kit
(Sequenase).

To obtain cDNA clones containing the entire ORFs of human
NUMB, NUMB-R, RAB, and RAB-R, a pCEV-29-based eukary-
otic expression library from M426 human fibroblasts (a kind gift
of T. Miki) were screened using standard techniques. Screening
of the GenBank, EMBL, and EST databases was performed by
the BLAST program (Altschul et al. 1990). Alignments of pep-
tide sequences were performed by a CLUSTAL4 algorithm on
MacDNASIS software.

Production of recombinant proteins

GST fusion proteins containing large fragments of the proteins
of interest were obtained by recombinant PCR of the appropri-
ate fragment from the murine Eps15 and Epsl15R cDNAs or
from the cDNAs of the EH-binding proteins, followed by clon-
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ing in the pGEX expression vector, in-frame with the GST moi-
ety.

GST fusions containing short peptides from the proteins of
interest were obtained by annealing in vitro complementary
oligonucleotides with the appropriate sequence followed by
cloning in-frame with the GST moiety in a gGEX-KT vector.
Sequences of the oligonucleotides and primers used are avail-
able on request. Purification of the GST fusion protein onto
agarose-glutathione and in vitro binding experiments were per-
formed as described (Wong et al. 1995; Matoskova et al.
19964a,b).

Protein studies

Expression vectors for HA-tagged RAB and NUMB proteins
were engineered in the pMT2 eukaryotic expression vector by
inserting (by insertional overlapping PCR) the sequence encod-
ing the HA epitope (YDVPDYASLP) between codons 1 and 2 of
the ORF of the RAB and NUMB cDNAs to obtain pMT2-HA-
RAB and pMT2-HA-NUMB, respectively. The HA-NUMB/
NAA mutant was generated by changing the sequence coding
for the unique NPF motif to a sequence coding for NAA by
PCR-based oligonucleotide-directed mutagenesis (Ho et al.
1989). Transient transfection of C33A cells by calcium phos-
phate was performed as described previously for NIH-3T3 cells
(Fazioli et al. 1993). Immunoprecipitation and immunoblotting
experiments were performed as described previously (Fazioli et
al. 1993; Matoskova et al. 1996a). Typically, we employed 50—
100 pg of total cellular proteins for direct immunoblot analysis
and 3-5 mg of total cellular proteins for immunoprecipitation/
immunoblotting experiments. For coimmunopreciptiation ex-
periments total cellular proteins were obtained in mild lysis
conditions, in the absence of ionic detergents, to preserve pro-
tein—protein interactions, as described (Fazioli et al. 1993).

[®°SJmethionine-labeled RAB protein, employed in the experi-
ments in Figure 7, was synthesized by in vitro transcription—
translation using a commercial Kit (Promega) and the full-length
RAB cDNA. Metabolic labeling with [**S]methionine of NIH-
3T3 cells was performed as described previously (Fazioli et al.
1993).
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